ATP binding cassette (ABC) transporters participate in many processes central to life including cell wall biosynthesis, lipid homeostasis, and drug efflux. Large conformational rearrangements accompany transport and allosterically couple substrate transport in the transmembrane region to dimerization of nucleotide binding domains (NBDs) nearly ~30-40Å away in the cytoplasm. How the two binding sites coordinate remains elusive, particularly in a class of ABC transporters with only one catalytically competent NBD, the asymmetric ABC transporters. The peptide transporter TmrAB from Thermus thermophilus is one such asymmetric transporter, and here we present biochemical evidence that substrate binding couples to ATP binding in nonequivalent ways through each half of the TmrAB heterodimer. Specifically, we show that this unique mechanism depends on a highly conserved electrostatic motif in a region previously termed the peptide sensor. In this conformationally dynamic region, we demonstrate that mutation of an absolutely conserved glycine in the catalytically active TmrA chain (G131A) accelerates ATPase activity while uncoupling substrate binding from ATP hydrolysis. Surprisingly, mutation of the conserved glycine in the non-functional TmrB chain (G116A) resulted in the opposite effect in which ATPase activity is decreased with little effect on substrate binding. Our findings highlight an intrinsic asymmetry extending beyond that of the NBDs in asymmetric ABC transporters and support a mechanism where the peptide sensor in each half of TmrAB plays different roles in substrate transport.
Introduction
ABC transporters move substrates vital to cellular homeostasis including lipids, drugs, toxins, and peptides (1-3) through the use of ATP. Substrate transport likely takes place in all transporters by the alternating access model in which interconversion of an inward-facing high-affinity state to an outwardfacing low-affinity state drives net transport (4) . These conformational changes occur in an architecture comprised of two transmembrane domains (TMDs) and two nucleotide binding domains (NBDs) connected by intracellular loops (ICL) that are helical extensions of the TMD ( Figure  1A) . The predominant model that explains these transitions specifically for ABC transporters remains the switch model where alternating access is driven by three coupled events: 1) ATP-induced NBD dimerization 2) inward-facing to outward-facing transitions of a substrate binding site in the TMD, and 3) ATP hydrolysis to reset the transport cycle (5) . Recent findings offer modified versions of the switch model (6, 7) . In one, ATP hydrolysis drives formation of the outward-facing state (6) . In the second variation, ATP hydrolysis drives the release of substrate (7) . Both models propose multiple additional intermediate states (many of which are asymmetric), however the general concept of two NBDs coming together to drive transition to the outward-facing state remains intact (6, 7) . These transitions can often be readily identified biochemically as changes in the ATPase rate upon substrate binding or in substrate affinity upon ATP binding.
The junction between the NBDs and the TMDs has been identified as one critical coupling area in ABC1 family ABC exporters, the largest family of exporters in the ABC superfamily that includes the medically important members MsbA, P-glycoprotein (Pgp), CFTR, and MRP-1 (3) . Particular emphasis has been placed on the specific loops that extend from the NBDs to bridge contacts between bound ATP and the TMD. These loops, termed the Q-loop and X-loop, have been identified as critical interdomain coupling sites in Pgp, BmrA, and transporter associated with antigen processing -1/2 (TAP1/TAP2) (2, 8, 9) . The cytoplasmic intracellular loops 1 and 2 (ICL1 and ICL2) are TMD extensions also implicated as critical for allosteric coupling in ABC1 family exporters, but comparatively less focus has been placed on their investigation (2) . Here, a "peptide sensor" in ICL1 between transmembrane helices 2 (TM2) and 3 (TM3) and consisting of a series of charged and polar residues was suggested as important for allosteric coupling of the NBD and TMD (1, 2) . The peptide sensor sequence consists of a charged residue in every 4 th position of the ICL1 helix, just below a "tetrahelix bundle" (10) also identified as an important charged element for transport in MsbA (11) .
Catalytically symmetric exporters like TAP1/TAP2, as well as its bacterial homolog Thermus thermophilus multi-drug resistance proteins A and B (TmrAB), accomplish transport with only one NBD functional for ATP hydrolysis. The TmrA subunit contains a canonical Walker B motif (jjjjE -where j is any hydrophobic residue) and is capable of ATP hydrolysis, whereas the TmrB half contains a degenerate Walker B motif (jjjjD) and is deficient in ATP hydrolysis due to a glutamate to aspartate substitution. TmrAB transports lipid (12) , drug-like dyes, and peptide substrates (13, 14) , and remarkably can functionally replace TAP1/TAP2 in human macrophages (14, 15) . Such an asymmetric transporter offers an excellent simplified model system for understanding the coupling between ATP binding/hydrolysis and substrate transport. Structures of TmrAB (14, 16, 17) and of TAP1/TAP2 (18) have revealed similar architectures to each other as well as other homodimeric ABC transporters, suggesting insights into their activation mechanisms may be informative on the regulation of the protein superfamily as a whole.
Recently, a cryo-EM structure determination of several conformational cycle endpoints in TmrAB provided snapshots into ATP coupling with substrate transport (7) , broadly reflecting isolated states observed in other ABC transporter structures (7, 19, 20) . Many changes are found throughout the transporter structure.
Notably, residues corresponding to the peptide sensor in TmrAB form a helix that undergoes large conformational changes between inward-facing and outward-facing states (Figure 1B) . Several new hydrogen bond networks are formed in the outward-facing state of the catalytically competent TmrA chain (Figure 1B , left panels): D140 in the peptide sensor bridges interactions between R206 on TM4 and R136 of the peptide sensor, while R132 bonds with N128 of coupling helix 1 (CH1). A completely different set of interactions is formed in the outward-facing state of TmrB (Figure 1B , right panels): D125 in the equivalent position to D140 in TmrA bridges interactions between the TM6 residues S308 and R311, while D117 in the equivalent position to R132 in TmrA bridges interactions between R121 of the peptide sensor motif and D195 on TM4.
In this work we identified a great degree of consensus of the peptide sensor across ABC1 family ABC exporters by aligning over 200+ sequences per monomer (Supplemental Figures 1, 2) . Our analysis follows up on previous characterization of the peptide sensor (1, 2) and specifically defines G(R/D)x3Rx3D as the peptide sensor consensus sequence in which charged residues are highly conserved and the glycine residue is absolutely conserved (Figure 1C) . In TmrAB, the charged residues form a conserved phelix following a critical hinge formed by the absolutely conserved glycine (G131 in TmrA, G116 in TmrB). This motif is likely functionally significant given the high level of evolutionary sequence conservation, the conserved π-helix, and the dynamic rearrangement of interactions observed between the inward and outward-facing structures.
Do the conserved features of the peptide sensor contribute to allosteric regulation of transport and the transition from inward-facing to outward-facing in TmrAB? Furthermore, is the conformational asymmetry of the peptide sensor helix a reflection of the functional asymmetry in the TmrAB NBDs? Here we address these questions and investigate the importance of the peptide sensor helical motif in the TmrAB transport cycle. We developed several peptide sensor mutants and biochemically investigated their role in the allosteric coupling of ATP binding and hydrolysis to substrate binding and transport. We show that these mutations disrupt the ATPase catalytic cycle in both chains of TmrAB. We also show that in TmrA, but not TmrB, the peptide sensor motif is critical in initiating a low-affinity outward-facing state, revealing a dramatic intrinsic asymmetry of the transport cycle in TmrAB. Our findings suggest that the peptide sensor has important implications on relaying information from the "active" NBD (TmrA) to the rest of the molecule.
Experimental procedures
Molecular biology and cloning -Mutants of TmrAB were generated from the TmrAB pet22b template described in Zutz et al (13) . Primers for site-directed mutagenesis were designed against the target region using the technique described by Liu and Naismith (21) . Constructs were amplified by PCR and verified by sequencing (Elim Biopharmaceuticals, Inc.).
Large scale sequence alignments -250 sequences similar to TmrA (Supplemental Figure 1 ) and 250 sequences similar to TmrB (Supplemental Figure 2 ) of bacterial origin were downloaded from the UniProt database and aligned in MUSCLE 3.8 (22) . After manual inspection for gaps and coverage of both domains, 48 sequences were omitted from TmrA alignment, and the rest subject to conservation analysis ( Figure 1C) .
Protein expression and purification -Wild-type (WT) and mutant TmrAB were expressed and purified using the method previously described by Zutz et al. (13) . Briefly, a starter culture of BL21(DE3) E. coli (NEB) cells transformed with TmrAB were incubated for 16 hours overnight with shaking at 37°C in 10 mL of Luria Broth (LB) supplemented with ampicillin. On the following day, 1L of Terrific Broth (TB) media was inoculated with 5-10 mL of the overnight culture and cells grown at 37°C until an OD600 of ~0.8 was reached. TmrAB expression was induced with 1 mM IPTG and cells cultured at 37°C for an additional 4 hours prior to harvest at 4°C by centrifugation at 5000xg for 20 min. For the G131A mutation, cells were cultured at room temperature for an additional 16 hours following induction.
Protein was purified first by resuspending cell pellets in lysis buffer (50 mM Tris-HCl, 300 mM NaCl, pH 8.0, and protease inhibitor tablets (Roche)) and lysed by sonication on ice for 5 minutes in cycles of pulsing for 1 s on and 1 s off. Membranes were harvested from the cell lysate by ultracentrifugation at ~185,000xg for 1.5 hours. The membrane pellets were then resuspended in buffer (50 mM Tris-HCl, 300 mM NaCl, 30 mM Imidazole, pH 8.0, and protease inhibitors (Roche)) at a ratio of 16 mL of buffer per 1 g of membrane pellet. The membrane pellet was solubilized to homogeneity by dounce homogenization, then supplemented with iodoacetamide (1 mg/mL) and ß-dodecyl maltoside detergent (ß-DDM, 1% w/v) for detergent extraction of membrane proteins overnight at 4°C with stirring. The clarified supernatant containing solubilized protein was collected by ultracentrifugation at ~150,000xg for 30-40 minutes prior to purification.
Detergent-solubilized TmrAB was next purified by loading onto a Nickel affinity column (HisTrap IMAC HP, GE Healthcare) and washing with binding buffer (50 mM Tris-HCl, 300 mM NaCl, pH 8.0, 0.1% ß-DDM) containing increasing concentrations of Imidazole (Wash 1: 30 mM Imidazole (10CV), Wash 2: 100 mM Imidazole (3CV)). Protein was eluted in binding buffer containing 300 mM Imidazole (2CV) and immediately diluted into Imidazole-free buffer and concentrated for size exclusion chromatography (SEC). SEC purification was performed at 4°C on an Enrich SEC 650 column (Bio-Rad) and sample eluted in SEC buffer (20 mM HEPES, 150 mM NaCl, pH 7, and 0.05% ß-DDM). Peak fractions containing pure TmrAB (WT or mutant) were pooled, concentrated, and stored at -80°C prior to further experiments.
Negative stain analysis -Negatively-stained samples of WT and mutant TmrAB were prepared to evaluate the quality and architecture of purified sample (Figure 2A) . Dilutions of purified TmrAB WT and mutant samples were prepared at 0.2 µM concentration in SEC buffer and 3 µL were applied to negative glow discharged carbon coated copper grids (EMS, Cat No. CF300-Cu-UL). Sample was incubated on grids for 30 s, then gently dipped in two drops of SEC buffer and one drop of 0.75% uranyl formate staining solution with blotting performed between drops by touching the grid edges to the surface of Whatman 1 filter paper. Grids were dipped in a second drop of stain for 30 s, blotted on filter paper, and air dried prior to imaging. Images were collected using a 120 kV Tecnai Spirit (FEI) microscope equipped with an AMT XR80L-B 8 x 8 CCD camera at 49,000X magnification corresponding to a pixel size of 2.21 Å.
Colorimetric ATPase assay -The specific ATP hydrolysis of TmrAB mutants was measured using two methods to evaluate ATPase activity at multiple temperatures. A colorimetric endpoint assay for inorganic phosphate determination described by Sarkadi et al. (23) was used to measure TmrAB ATPase activity near the physiological growth temperature of its host organism, T. thermophilus (68°C) ( Figure 2B ) and ambient temperature (25°C) (Figure 3 ). Purified samples of WT or mutant TmrAB (1 to 10 µg) in 40 µL assay buffer (50 mM MOPS-Tris pH 7.0, 50 mM KCl, and 2 µM DTT) were pre-incubated at 68°C for 5 minutes. The ATPase reaction was then started by the addition of 10 µL of Mg-ATP solution prepared in assay buffer, bringing the final concentration of TmrAB to 0.16 µM in a 50 µL reaction containing 10 mM MgCl2 and varying final concentrations of ATP (0-6 mM). The concentration of TmrAB prepared for room temperature experiments was adjusted to 1.6 µM and rates calculated for a single concentration of ATP (8 mM) . Samples in the absence of Mg-ATP solution or TmrAB were prepared as negative controls. The reaction was quenched for various time points by adding 40 µL 5% SDS. Following quenching, 200 µL of detection reagent (8.75 mM Ammonium Molybdate, 3.75 mM Zinc Acetate, pH 5.0, and 7.5% Ascorbic Acid pH 5.0) were added to each sample and incubated for 25 minutes at room temperature protected from light. The absorbance signal of total free phosphate in solution for each quenched sample and standards of KH2PO4 ranging in concentration from 0.0125 -0.8 mM were subsequently measured at 800 nm in a clear 96-well plate (CoStar) on a BMG LabTech microplate reader. Michaelis-Menten curves are shown in Figure 2B as the mean ± standard deviation (S.D.) for data from three technical replicates (n=3) fit in Prism (GraphPad) with Equation 1 below:
Where Y is the enzyme velocity (mM/s), ET is the total enzyme concentration (mM), kcat is the turnover number (1/s), X is the concentration of ATP (mM), and Km is the Michaelis-Menten constant (mM). Kinetic parameters (Km, kcat, Vmax, and kcat/Km) are reported in Table 1 as the mean ± standard error (S.E.).
Continuous enzyme-linked ATPase assay -ATPase activity for a subset of mutants alongside WT TmrAB was also measured using a continuous enzymecoupled reaction system performed at room temperature as previously described (24) . Samples were prepared as 75 µL reactions containing 5 µg of TmrAB (0.5 µM final concentration) in reaction buffer (20 mM HEPES pH 7.0, 10 mM MgCl2, 5 mM ATP, 1 mM PEP, 0.45 mM NADH, 0.01% DDM, and Pyruvate Kinase (928U/mL)/Lactate Dehydrogenase (1300 U/mL) mix (Sigma)). The change in absorbance was monitored at 340 nm over 45 minutes at 15 second intervals in clear 96-well half-area plates (CoStar) on a Synergy Neo2 Multi-Mode Microplate Reader (Biotek). The relative enzyme velocities determined by linear regression are reported in Supplemental Figure 3 as the percentage mean ± standard deviation (S.D.) normalized to the mean value for WT TmrAB for three replicates (n=3).
ATP binding assay -The binding affinity for nucleotide was measured as described in (11, 25) and the apparent KD for a fluorescent analog of ATP, TNP-ATP (Molecular Probes), calculated for WT, G131A, G116A, and D117A TmrAB. Samples were prepared in a total volume of 50 µL containing 0.2 µM WT or mutant TmrAB in SEC buffer supplemented with 1 mM MgCl2 and increasing concentrations of TNP-ATP (0-10 µM). Fluorescence data were immediately collected following the addition of TNP-ATP at 25°C in black 96-well halfarea flat bottom microplates (CoStar) on a Synergy Neo2 Multi-Mode Microplate Reader (Biotek) at excitation and emission wavelengths of 408/10 nm and 535/15 nm, respectively. After subtracting for background fluorescence from TNP-ATP alone, data were normalized to the maximum fluorescence achieved within each dataset. Binding curves are shown in Figure 4 as the mean ± S.D. for at least three technical replicates of WT, G116A and D117A TmrAB and two technical replicates for G131A TmrAB fit in Prism (GraphPad) with a one-site specific binding model using Equation 2 below:
where fb is the fraction bound of protein with ligand, 9: ; is maximum binding, L is ligand, and = is the dissociation constant. Data for G131A TmrAB were subject to outlier analysis in Prism (GraphPad) prior to fitting. Apparent dissociation constants for TNP-ATP binding (KD-app TNP-ATP ) are reported in Table 2 as the mean ± S.E.
Peptide binding assay -The binding of fluorescent transport substrate peptide RRY(C Fluorescein )KSTEL (Genscript) was determined for WT, G131A, G116A, and D117A TmrAB as a function of the change in fluorescence polarization as described in (7, 14) . In a total volume of 30 µL, 2 µM TmrAB in SEC buffer was incubated on ice for 15 minutes with 50 nM RRY(C Fluorescein )KSTEL and in the presence or absence of 5 mM ATP and 10 mM MgCl2. Fluorescence polarization data were collected at 25°C in black 96-well half-area flat bottom microplates (CoStar) on a Synergy Neo2 Multi-Mode Microplate Reader (Biotek) at excitation and emission wavelengths of 485/20 nm and 520/20 nm, respectively. Data are reported in Figure 5 as the percentage mean ± S.D. for three replicates (n=3) normalized to the mean value for WT TmrAB in the absence of ATP.
Results
The transmembrane domain (TMD) in ABC transporters is connected to the nucleotide binding domain (NBD) through helical extensions termed intracellular loops (ICL1 and ICL2) ( Figure 1A) . We investigated the highly conserved G(R/D)x3Rx3D motif of the peptide sensor in the TM3 cytoplasmic extension of ICL1. To test its role in allosteric coupling of ATP hydrolysis and substrate transport in TmrAB, we mutated conserved residues of the motif in both TmrA and TmrB chains ( Figure 1C) and interrogated the effects on ATP hydrolysis (Figure  2) , ATP binding (Figure 3,4) , and substrate binding (Figure 5) .
The peptide sensor motif in the transmembrane helix 3 extension is highly conserved in ABC transporters -We performed an analysis of nearly 500 sequences (202 related to TmrA, 250 related to TmrB) aligned in MUSCLE 3.8 (22) and defined a G(R/D)x3Rx3D consensus motif for the region in ICL1 connecting CH1 and TM3 identified as a peptide sensor in TAP1/TAP2 (Figure 1C, Supplemental Figures 1,   2, 4) (1, 2) . This sequence is defined by 100% conservation of charged residues in the 1st, 6 th , and 10 th positions, with 100% conservation of the glycine in position 1 (G131 in TmrA, G116 in TmrB) and aspartate in position 10 (D140 in TmrA, D125 in TmrB). Every sequence contains a basic residue in position 6, with a high frequency of arginine (R136 in TmrA, R121 in TmrB). The charged residue in position 2 diverges between TmrA and TmrB, with strong conservation of a basic residue in TmrA (R132) and an acidic residue in TmrB (D117).
Mutations of conserved charged residues in the peptide sensor motif are structurally tolerated in Thermus thermophilus TmrAB -To test the function of charged residues in the peptide sensor motif, a total of 10 mutants of TmrAB were generated (G131A, R132A, R136A, and D140A in TmrA; G116A, D117A, R121A, and D125A in TmrB), expressed, and purified alongside wild-type (WT) TmrAB. Negative-stain electron microscopy analyses of mutant proteins purified into detergent-containing buffers confirmed the homogeneity of the mutants as well as the consistency of the architecture to known structures of TmrAB (Figure 2A) . Mostly all of the mutants expressed and purified to similar yields as WT TrmAB using the expression protocol described, except for the G131A mutant which notably expressed to lower levels. The architecture of G131A TmrAB is nonetheless comparable to WT.
Mutation of conserved charged residues of the peptide sensor motif abrogates ATPase activity at physiological temperatures in TmrAB -TmrAB is derived from a thermophilic bacteria that exhibits optimal growth and function at 68°C (13) , which is beyond the capabilities of most spectroscopic plate readers. To measure ATPase activity at 68°C we employed a colorimetric endpoint assay to evaluate the effect of mutating conserved charged residues of the sensor motif in TmrAB (R132A, R136A and D140A in TmrA; D117A, R121A, and D125A in TmrB) on ATP hydrolysis (Figure 2B, Table 1 ). At 68°C, WT TmrAB displayed characteristic ATPase activity with a measured Km value of 1.269 ± 0.27 mM and a kcat of 4.32 ± 0.318 ATP/s, consistent with previously published reports on WT TmrAB activity (7, 13) . At this elevated temperature, all TmrA and TmrB charge mutants displayed significant decreases in ATPase activity, and a comparison of the initial rates calculated for activity in the presence of 1 mM ATP revealed a ~5-10X reduction in activity compared to WT TmrAB (Figure 2C) . The most significant effect was observed for the D117A mutation in TmrB. Mutation of its interaction partner in TmrB (R121A) as well as the homologous residue in TmrA (D140A) also resulted in a decrease in ATPase activity, but to a lesser extent.
Conserved glycines, G116 and G131, of the peptide sensor motif play distinct roles in conformational coupling -Both conserved glycines of the TmrAB peptide sensor motifs (G131 in TmrA, G116 in TmrB) are positioned at the base of the TM3 helical extension in a flexible turn after CH1 (Figure 1B) . To identify their importance in the transition from inward to outward-facing states in TmrAB we mutated both to alanine (G131A in TmrA, G116A in TmrB) to restrict the intrinsic flexibility of the loop region while minimizing steric disruption of side chain packing. Analysis of ATPase activities of these mutants at 68°C demonstrated a loss of catalysis measured by the colorimetric ATPase assay, although to a lower extent (~4-5X reduction) than observed for mutants of the charged residues in the peptide sensor motif (Figure 2B,C; Table 1 ). While the rate of ATP turnover fell by approximately the same amount in both mutants relative to WT TmrAB, the Km for ATP in G116A TmrAB (0.525 ± 0.133 mM) was half that of the G131A mutant (1.15 ± 0.251 mM) and WT TmrAB (1.29 ± 0.269 mM), corresponding to a catalytic efficiency (kcat/Km) of WT TmrAB that is ~4.2X and ~1.8X higher than of G116A or G131A TmrAB, respectively. While within the 95% confidence interval of the Km values for both G131A and WT TmrAB, and unlikely to represent a significant change in this assay, it is potentially noteworthy that G131 in TmrA has slightly different effects on catalysis than G116 in TmrB.
To control for potential decreased stability in TmrAB mutants at higher temperatures, we performed a second assay for ATPase activity in WT, G131A, G116A, and D117A TmrAB at room temperature where TmrAB has minimal activity using both the ascorbic acid colorimetric assay (Figure 3) as well as a continuous enzyme-linked method (Supplemental Figure 3) . As expected, the ATPase activity in WT TmrAB decreased to levels comparable to the activity of G116A and D117A TmrAB in both assays. Surprisingly, ATP hydrolysis at room temperature was significantly accelerated in G131A TmrAB, and a nearly 6-fold increase in activity relative to WT TmrAB was observed.
Mutation of the peptide sensor conserved glycine does not influence ATP binding -To rule out effects
of mutation of the conserved glycines in the peptide sensor motif on nucleotide binding, and thus NBD dimerization, we determined the apparent affinity, KD-app TNP-ATP , for the fluorescent ATP analog, TNP-ATP, for both G131A and G116A TmrAB and as well as WT and D117A TmrAB included as controls (Figure 4, Table 2 ). The KD-app TNP-ATP for each variant ranged from ~1.9 µM -2.2 µM ( Table 2) . A Student's t-test resulted in P-values exceeding 0.05, which does not reject the null hypothesis, confirming no statistically significant difference in affinities for ATP between the mutants. This result suggests that the conformational flexibility of the peptide sensor helix is likely not a determinant for ATP binding, but instead may be critical for the transition to a conformational state optimal for ATP hydrolysis.
The G131A mutation interferes with the ability of TmrAB to achieve the low-affinity outward-facing conformation -To test the ability of the peptide sensor glycine mutants to adopt the low-affinity outward-facing conformation upon ATP binding, and thus substrate release, we employed a fluorescent polarization assay to monitor binding of a fluorescently-labeled peptide substrate (RRY(C Fluorescein )KSTEL) to WT, G131A, G116A, or D117A TmrAB in the presence and absence of ATP (Figure 5) . In this assay, a polarization signal corresponds to peptide substrate binding (to a highaffinity site in the absence of ATP) in the inwardfacing conformation of TmrAB. A decrease in the signal in the presence of saturating concentrations of ATP corresponds to a loss of peptide substrate, presumably through formation of the outward-facing state containing the low-affinity substrate binding site. Our results showed a statistically significant decrease in polarization in the presence of ATP for WT TmrAB and the G116A and D117A TmrB mutants of TmrAB, suggesting conformational coupling between the NBD and TMD proceeds as expected. However, the change in the polarization signal was not statistically significant for G131A TmrAB, indicating that the high-affinity state of the TmrA mutant may not switch to the low-affinity state in the presence of ATP in this mutant. These experiments were performed well below the concentration where trans-inhibition of ATPase activity in over-stimulated ABC transporters is observed (26) . This result highlights the importance of the conformational flexibility of ICL1 of TmrA, but not of TmrB, in the allosteric coupling of ATP hydrolysis and substrate release during the TmrAB transport cycle.
Discussion
The transport cycle of ABC transporters, vital for maintaining cellular homeostasis allosterically couples the chemical potential of cellular ATP to the thermodynamic work of directionally passing substrates over a membrane barrier. Complicated and still not entirely defined domain rearrangements of the allosteric mechanism help convert a high-affinity inward-facing state to a low-affinity outward-facing state.
Our results show how allosteric coupling for transition to the low-affinity outward-facing state depends on conserved residues of the peptide sensor G(R/D)x3Rx3D motif in intracellular loop 1 (ICL1). This motif forms a helix positioned in such a way that it could feasibly act as a conduit between the ATPbinding NBD and the TMD (Figure 1A) . It is notable that a somewhat significant rotation and translation of ICL1 in TmrA appears to accompany a reorganization of its interaction network, but not to the same extent as in TmrB (Figure 1B) (27) . This is consistent with our experimental results showing functional asymmetry in mutants of TmrAB designed to limit conformational change of the peptide sensor helix.
Surprisingly, the motif is conserved across all bacterial type-I ABC exporters even those that do not transport peptides such as the lipid A transporter MsbA and the multidrug transporters BmrCD and Sav1866 (Supplemental  Figures  1,2,4) . Furthermore, we found very high conservation of the first glycine residue in the motif (G131 in TmrA, G116 in TmrB) in every bacterial ABC1 family ABC exporter we were able to analyze (Figure 1C;  Supplemental Figures 1,2,4) . One notable exception, in Thermotoga maritima TM287/288 (16) , one of the conserved glycines is substituted for a serine in the non-functional NBD. Conservation is also observed in nearly all human ABC exporters including P-glycoprotein (Pgp), TAP1/2, and MRP1. The only exception occurs in ABCD4, which nevertheless contains a hinge glycine directly before the coupling helix and after TM2 that may play a similar role as the peptide sensor glycine between CH1 and TM3 (28) .
Based on recent cryo-EM structures, the conserved charged residues after the glycine align along one face of the peptide sensor helix. These amino acids rotate inward in the outward-facing conformation to make contacts with residues of CH1 and the TM4 ICL extension in TmrA or residues of TM4 and TM6 ICL extensions in TmrB, linking interactions with TMD helices and coupling helices adjacent to the NBD (Figure 1B) (7) . Our catalytic results show that the ability to form these interactions and potentially conformationally couple ATP hydrolysis and substrate transport depends on the flexibility of the peptide sensor motif.
Several features of the motif support intrinsic flexibility. The first of these is a prominent p-helix in the C-terminus of the peptide sensor. Inherently flexible, p-helices are rare and found on average in only one of every six proteins (29) . However, they are frequently observed in critical conformational junctions of dynamic integral membrane proteins, notably transporters and ion channels such as the bacterial amino acid transporter LeuT (29, 30) , the human temperature sensitive channels of the TRPV family (31) (32) (33) (34) (35) , and in the outward-facing states of ABC transporters (7, 19, 20) . In these proteins, the phelix has been suggested to permit a peristaltic like motion between the helix and its environment, enabling multiple interactions to form and break within a tightly packed helical bundle (29) . In the TRPV family, a p-helix forms a conformational switch from open to closed, and a similar a-helix to 310 helix switch was also described as important for gating in the Potassium (36) and HCN channels (37) . In this context, the inhibitory effect of our mutations in the TmrAB peptide sensor p-helices may be due to the loss of ICL1 conformations necessary for TmrAB to proceed through its catalytic cycle, or may simply be due to the loss of the electrostatic interactions facilitated by charged residues of the π-helix.
A second potentially important determinant of peptide sensor flexibility is the glycine found at the base of the motif helix in TmrA (G131) and TmrB (G116) and forms a critical hinge. Glycine in general confers flexibility to protein loops and turns, and mutation to alanine restricts the protein backbone with the least steric interference. We observed completely different effects of this mutation on catalysis and conformational coupling in each half of TmrAB. Mutation in TmrB (G116A) inhibited ATP hydrolysis, but not conformational coupling, whereas mutation in TmrA (G131A) unexpectedly elevated ATPase activity while also eliminating the ability of TmrAB to transition to a low-affinity peptide binding state (consistent with either the outward facing or outward occluded cryo-EM structures (7)) ( Figure  6A) . The latter outcome mimics the effect seen in Pgp for mutations of the flexible Q-loop decoupling ATPase activity from the transport cycle (38) . From this perspective, we rationalize that G116A TmrB can attain an outward-facing conformation, albeit at a slower rate (Figure 6B) . Limiting the TmrB peptide sensor helix mobility likely results in a slower overall transport cycle in TmrB that nevertheless is still conformationally intact.
In opposition to our TmrB results, our data suggests G131A TmrA disrupts formation of the low-affinity outward-facing conformation central to the alternating access model (Figure 6B) (4) . Supporting evidence comes from studies in TAP1/2 in which mutation of one of these glycines to a cysteine decreased transport ~4-fold and crosslinks in this region between the NBD and the ICL1 loop interfered with transport (2) . Altogether, these results underscore a direct relationship between this hinge region and the transport cycle. Specifically, our data suggest that the outward-facing transition in TmrAB is reinforced by the formation of an electrostatic network of interactions that 1) directly couple the NBD in its nucleotide-bound state and the TMD and 2) stabilize the outward-facing conformation of TmrAB in its low-affinity state.
In summary, our results indicate that the stability of the outward-facing state (or outward occluded) may not only depends on a network of electrostatic interactions extending from the peptide sensor motif, but that the transition to the low-affinity for substrate, outward-facing state may also rely on the conformational flexibility of TmrA ICL1 peptide sensor in this half of TmrAB. These results are consistent with the switch model, as well as recent modifications that incorporate ATP hydrolysis either as the driver of inward to outward facing conformations (6) or substrate release (7) . Our results are also consistent with the formation of intermediates such as the outward-occluded state (7) in which similar sets of interactions as shown in Figure 1B are observed. We however cannot fully explain why uncoupling of ATP binding and hydrolysis from formation of the low-affinity substrate binding state is observed for only one (G131A TmrA) of the two conserved glycine mutants.
Several non-mutually exclusive hypotheses are consistent with our findings. First, a higher ATPase rate might result from NBD uncoupling from the TMD when conformational feedback from the peptide binding region is lost and the protein is trapped in the high-affinity state (as in the case of the G131A TmrA mutant). Alternatively, the conformational states that promote efficient catalysis may be driven by one half of the protein, and the state that promotes substrate release is driven by the other half. Together, tight regulation is imposed on the activities in the other half, and the loss of global regulation could potentially accelerate the ATPase rate. In this scenario, the peptide sensor helix is an important regulatory switch along a different part of the transport cycle in each half of TmrAB, instead of as a general mechanical couple, and conformational changes in the NBD are imparted to the TMD globally instead of through a few local interactions. Additional detailed kinetics, time-resolved structural biology, and large-scale molecular dynamics will likely be required to establish the appropriate model. 4 fitted by nonlinear regression analysis using Equation 2 in Prism (GraphPad). Data reported are the mean ± S.E. e P-value denotes probability of the null-hypothesis that the mutant mean is equal to that of WT TmrAB. (7)) to outward-facing (PDBID: 6RAJ (7)) transitions of TmrAB highlighting relative orientations of the transmembrane domain (TMD), intracellular loops (ICLs), and nucleotide binding domains (NBD) from TmrA (light grey TMD and ICLs with light green NBD) and TmrB (dark grey TMD and ICLs with light blue NBD) at the proposed start and end of the putative transport cycle. The regions corresponding to the peptide sensor helix region in the transmembrane 3 (TM3) cytoplasmic extension of intracellular loop 1 (ICL1) are shown in green for chain A (TmrA) and in blue for chain B (TmrB). The red line represents the relative distances in peptide sensor helices in each state. B) Cartoon and stick representation highlighting local rearrangements in the interaction network of the peptide sensor helix in TmrA (green ribbon, left panels) and TmrB, blue ribbon, right panels) in proximity of coupling helix 1 (CH1) and transmembrane helices (TM2-6) in the inward-facing (PDBID: 6RAF (7), left panels) and outward-facing (PDBID: 6RAJ (7), right panels) states. Interactions between residue pairs are shown as dashed lines. Equivalent residues of the peptide sensor helix in TmrA and TmrB are colored the same (G131/G116 in red, R132/D117 in orange, R1121 in yellow, D140/D125 in green). A segment of the peptide sensor forming a p-helix is highlighted in pink. C) WebLogo diagram illustrating sequence conservation in alignments of the ICL1 TM3 cytoplasmic extension in TmrA (202 sequences) and TmrB (250 sequences), highlighting the consensus sequence of the peptide sensor motif and the corresponding residues forming the observed π-helix shown in (B). Numbering below each Logo corresponds to the sequence in TmrA or TmrB, and asterisks (*) denote positions mutated in this study. Table 1 . C) The ATPase activities determined for WT and mutant TmrAB in the presence of 1 mM ATP reported in (B) normalized to the mean value for WT TmrAB to demonstrate the inhibitory effect of peptide sensor motif mutation on ATP hydrolysis at 68°C. Data in (B) and (C) are the mean ± standard deviation (S.D.) for three replicates (n =3). ATPase activity at room temperature determined for variants of TmrAB mutated at the absolutely conserved glycine residues of the peptide sensor motif (G131A in TmrA and G116A in TrmB) compared to WT and the TmrB D117A mutant shown in Figure 2 to be the least active as a control. ATPase data were collected for 1.6 µM enzyme in the presence of 8 mM ATP using the ascorbic acid colorimetric assay described in Experimental Methods, and reported here as the normalized mean ± S.D. for three replicates (n =3). (7) and the proposed states disrupted by peptide sensor mutants described here. TmrA and TmrB are colored light green and light purple, respectively. The peptide sensor helices of each chain are shown as cartoon helices (dark green in TmrA; dark blue in TmrB). The high affinity substrate binding site is shown as an oval that is colored light pink, whereas the low affinity site is shown as an oval that is colored light orange.
The red triangle represents substrate, ATP is an orange oval, and ADP is a grey oval.
Supplemental Figure 3
Supplemental Figure 3 . ATPase activity for variants of TmrAB and WT at room temperature determined by enzyme-coupled assay. ATPase data collected for mutants of the absolutely conserved glycine residues of the peptide sensor motif (G131A in TmrA and G116A in TrmB) compared to WT and the D117A TmrB mutant. Data were collected for 0.5 µM enzyme in the presence of 5 mM ATP. Data are reported here as the normalized mean ± S.D. for three replicates (n =3).
